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Why use n and nuclel ?

Beta decay
n and nuclei extensively used to establish the properties
of the weak interaction in the framework of the SM

B decays

Effective Field Theory
Model independent approach : no assumption on NP
origin

Wilson coefficients :

2
m
€; X <—AW> ~10°3% LHC13 (pp-e*e”)

=== LHC13 (pp-ev)
TeV NP scale ‘
-0.004 -0.002 0.000 0.002 0.004
Beta decay brings independent and competitive €r

constraints to HEP in the weak sector when M. Gonzalez-Alonso, O. Naviliat-Cuncic, N. Severijns Prog. Part. Nucl. Phys. (2019)
going to 0.1% level A. Falkowski, M. Gonzalez-Alonso, O. Naviliat-Cuncic JHEP04 (2021)
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Beta decay

n beta decay Lagrangian

_ Ca _ _
—Lry =Cy <m“n + C—im“vw) X &y, (1 —v5)ve

1
+ Cspn x e(1 —vy5)ve + 3 Crpot’'n x €0, (1 — v5)ve + he

+ right-handed neutrinos

SM “V-A” structure

Exotic currents: Sand T
P omitted

T.Lee, C-N Yang Phys. Rev. 104 (1956)
M. Gonzalez-Alonso, Colloque GANIL (2019)
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Beta decay

n beta decay Lagrangian
- Ca__, _
—Lry =Cy | py!'n + o, P ) evu(l —v5)ve
1
+ Cspn x e(1 —vy5)ve + 3 Crpot’'n x €0, (1 — v5)ve + he

—+—right-handed—neutrinos— SM © C; = C/
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SM “V-A” structure

Exotic currents: Sand T
P omitted

T.Lee, C-N Yang Phys. Rev. 104 (1956)
M. Gonzalez-Alonso, Colloque GANIL (2019)
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Beta decay

n beta decay Lagrangian

_ Ca _ _
—Lry =Cy <p'y“n + C—VPVM%TL) X €’Yu(1 - ’Y5)Ve SM “V-A” structure

1
+ Cspn x e(1 —vy5)ve + 3 Crpot’'n x €0, (1 — v5)ve + he Exotic currents : Sand T
P omitted

Decay rate distribution for polarized nuclei

X‘f dW (J) P. P me  <J> p p P. X P
s _WA) g 14q Pe Py (AP . pPv |, pPe XDy
 dB.dnuan, ~ Mo x 8 { T EE TE T E. "B TV ER

Fierz interference term « D » coefficient

CP conserving CP violating

Access to Cs and C; linearly Acces to C,, C,, Cy, C,/ linearly
.Lee, C-N Yang Phys. Rev. 104 (1956)
M. Gonzalez-Alonso, Colloque GANIL (2019)

J.D Jackson, S.B Treiman, H.W Wyld Nuclear Phys 4 (19§7)




Beta decay

n beta decay Lagrangian

_ Ca _ _
—Lry =Cy <p'y“n + C—VPVM%TL) X €’Yu(1 - ’Y5)Ve SM “V-A” structure

1
+ Cspn x e(1 —vy5)ve + 3 Crpot’'n x €0, (1 — v5)ve + he Exotic currents : Sand T
P omitted

Decay rate distribution for polarized nuclei

X‘f dW (J) P. P me  <J> p p P. X P
s _WA) g 14q Pe Py (AP . pPv |, pPe XDy
 dB.dnuan, ~ Mo x 8 { T EE TE T E. "B TV ER

Ft values : V 4, b
Beta spectrum shape : b

Correlation measurements : a, b, T.Lee, C-N Yang Phys. Rev. 104 (1956)
M. Gonzalez-Alonso, Colloque GANIL (2019)

J.D Jackson, S.B Treiman, H.W Wyld Nuclear Phys 4 (19657)




B ~300 stable isotopes
[JE[] ~3000 with:known properties

Ft values : total decay rates | >

Unitarity test of the CKM matrix 15t row : |Vid? + [Vus]* + Vi[> = 1 + NP
0% Fermi decay
t1/2

1
S=0
0* — 0* superallowed Fermi transition : Q.. 6 — ‘ + @
n P ¢

BR

0+1

JC. Hardy & IS. Towner Phys.Rev.C 102 (2020)




Ft values : total decay rates

Unitarity test of the CKM matrix 15t row : |Vid? + [Vus]* + Vi[> = 1 + NP

0+1

Fermi decay
t1/2

0* — 0* superallowed Fermi transition :

Statistical rate Partial half-life

i t
function fo(/dWo X t:%(prpm)

X

Trap : Qec
Am ~ 108

Beta counting and Ge
with calibrated ¢ :
t1/2 and BR

Ae ~ 0.2%

0+1

Corrections:
Radiative < 1%
Structure < 1%

K

Ft =
2G Vi (1 + AR)

15 transitions with
uncertainties < 0.3%

Theoretical
Calculations
uncertainties < 0.1%
(except 62Ga&"*Rb)

222 individual measurements from 23 decays : |V 4| = 0.97373 + 0.00031

B ~300 stable isotopes
= JE[LC] ~3000 withzknown properties
O ~628)g.,,predicted!

Proton number (Z)

00 120 140 160 180 200 220 240 260 260
Neutron number (N)

WOC ZZMg 34Cl 4250 SOMn GZGa
14 26mp|  3Bmic 46y 540
2%gj 3Ar¥8ca

%ﬁ u J}L*u }

10 20 30

Z of daughter

(b)

74Rb

JC. Hardy & IS. Towner Phys.Rev.C 102 (2020)




B ~300 stable isotopes
[JE[] ~3000 with:known properties

Ft values : total decay rates | >

Unitarity test of the CKM matrix 15t row : |Vid? + [Vus]* + Vi[> = 1 + NP
041

Fermi decay
t1/2

. L. 10 2\1q 30| 42Sc 50 62 b
0* — 0* superallowed Fermi transition : Z € Mo el “SeMn Tea (b)
0 zemAl 38mK 46\/ 54CO 74Rb

2%gj 3Ar¥8ca

0+1

X Radiative < 1%

functi _ iy =
unction fo('/ awe X t=—=L(1+ Pgc) Structure < 1% QG% Vu2d (1+ AE)

Statistical rate Partial half-life Corrections: % l + { l {
" BR % § % } } E } l

Trap : Qec Beta counting and Ge Theoretical 15 transitions with 10 2 0

Am ~ 108 with calibrated ¢ : Calculations uncertainties < 0.3% Z of daughter
ti;2and BR uncertainties < 0.1% ‘
Ag ~ 0.2% (except ¢2Ga&"“Rb)

222 individual measurements from 23 decays : |V 4| = 0.97373 + 0.00031

Sensitivity to exotic scalar currents : b = + 0.002

1
* H . / — -
If b20 then f is affected : ft ftx 1+b< % > JC. Hardy & IS. Towner Phys.Rev.C 102 (2020)
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Beta spectrum shape

Beta energy spectrum for non polarized nuclei :

. P, Py, me  <J> P, P, P. X P,
=dW 1 =2 b— A= B = D=~
dWy x & { +a I.L, + b E. + 7 ( B + E, + F.E, )}

AW (J)
dE.dQ.dY,

dW:dW0x5<1+bEﬁ>

Highest sensitivity candidates due to kinematics : endpoint energy 1-4 MeV
All theoretical corrections under control at 0.1% level

Experimental Challenges
o Electron backscattering
o energy loss in source
o Detector dead layer

Set-ups : 4n, MWDC, CRES...
Ongoing programs with ®He@LPC, "In@Leuven,

Fit ofI 3 energy s;l)ectrum

1 Il 1
102 107 10° 10"
End-point energy, E, (MeV)

M. Gonzalez-Alonso, O. Naviliat-Cuncic Phys. Rev. C 94 (2016)

L. Hayen et al, Rev. Mod. Phys. 90 (2018) 10




Correlation measurements : WISArD

Decay rate for non polarized nuclei

AW (J)
dE.dQ.dS),

Nuclear

—aw e Py gMme  <J> (D Py P, XDy recoil
=dWy x & {1+a I.E, + bEe + 7 (AEH + BE,, + D F.B, >} .

[l —

dW:dW0x5<1+ape'p”+bﬁ> o /

E.E, Fe

¥ e

Correlation measurement = recoil measurement

Recoil Spectrum

a>0: 6 =0° favored and large recoil
a<o0:0 =180° favored and small recoil

a

accessto: a~ —F—F—
L+b< 2>

Beta nuclear recoil < 1 keV




Correlation measurements : WISArD

Decay rate for non polarized nuclei

AW (J)
dE.dQ.dS),

Nuclear

—aw e Py gMme  <J> (D Py P, XDy recoil
=dWy x & {1+a I.E, + bEe + 7 (AEH + BE,, + D F.B, >} .

[l —

dW:dW0x5<1+ape'p”+bﬁ> o /

E.E, Fe

¥ e

Correlation measurement = recoil measurement ) .
Recl Spctum /» . Pure Fermi transition AJ=05=0

a>0: 6 =0° favored and large recoil : 9 -
a<o0:0=180° favored and small recoil s L Pl |Cs|* + |Cg]

e =1

a

accessto: a~ —F—F—
L+b< 2>

/
bp ~ +Re (CSJFCS>
Cv

© Best measurement ar at 0.48%

Beta nuclear recoil < 1 keV

Gorelov, A. et al, Phys. Rev. Lett. 94, 1425 (2005) 12




Correlation measurements : WISArD

B-delayed p emission in 32Ar

o Fermi O* — 0* transition from GS to IAS
o Recoil energy ~100s eV

o Beta delayed p emission ~ 3 MeV

o IAS:T ~20 eV&Tqyp~1017 s

< p emission in flight from the recoil

B-p coincidence measurement

Beta detector with detection
threshold below 10 keV
Strong magnetic field

2 symmetrical p detectors
with resolution < 15 keV and
high solid angle

1/2*

{32Ar beam

SiDOWN

32Ar 11/2=98ms Nuclear
Qg =11134.7 keV recoil

B.R. (%)
5046  22.65(15)
<« — m
3772 3.8(2)
y Ve

AE
-
1

vector current

1
: o in SiUP

Detector Plq

3300 3310 3320 3330 3340 3350 3360 3370 3380 3390 3400 3410 3420
energy (keV)
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WISArD at ISOLDE

Proton detectors|
Catcher foil

|Up detector
——singles
—— coincidences

0 . . .
3200 3220 3240 3260
Proton energy (keV)

Proof-of-principle (2018)

Readily available B and p detectors
~ 1700 pps of 3?Ar instead of 3000 nominal

~ 35h of beamtime

AEr = 4.49(3) keV
ap = 1-007(32)stat(25)5yst

< 3rd best result

GDR InF 2 — 4 Nov. 2022 G. Pignol M. Versteegen



WISArD at ISOLDE

Proton detectors|
pmcatcher foil

 —

{HBL

Proof-of-principle (2018)

Readily available § and p detectors
~ 1700 pps of 32Ar instead of 3000 nominal
~ 35h of beamtime
AEr = 4.49(3) keV
ap = 1-007(32)stat(25)5yst

< 3rd best result

Exclusion Plot from a', , b
WISAID (2018) 4.06%
Adelberger (1999) 0.65%
Gorelov (2009) 0.48%
E b 0" — 07 0.29%

C\)

Exclusion plot from D. Atanasov
V. Araujo-Escalona et al. Phys. Rev. C 101 (2020)

15




WISArD at ISOLDE

Exclusion Plot from a’ , b
pp— e+ MET + X
(CMS 20 b1, 8 TeV)

==== pp—re+ MET+ X
(proj. CMS 300 fb~!, 14 TeV)

WISAD (2021) 0.1%
Gorelov (2009) 0.48%
b 0" — 07 0.29%

a0l ‘ 2022 Upgrade

lon beam transport
98% transmission (SIMION)

p detectors

40% solid angle + 10 keV resolution + 100 nm
dead layer

N

Beta detector [ =
. . . ).2 - ' ! . \
Lower detection threshold + Validation of 202 —0.1 0.0 0.1 0.2

backscattering (GEANT4) Re(Cs / Cv)

Next data taking . spring 2023 Exclusion plot from D. Atanasov

{HBL
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Correlation measurements : many projects

dw (J) PP me | <J> P P P. X P
_ A 14 g Pe Py (aPe . gPv | pPe 2Py
dB.d0.de, ~ Mo < & { T m, e T B "E "7 EE

*He @ LPC (Paul trap) 151,:'2 g L?:%L(Dbzmeo)
Li @ ANL (Paul trap)
He @ ANL (MOT) °He @ NSCL THE MORA PROJECT
32Ar @ Texas A&M (Penning) eee MATTER'S ORIGIN FROM RADIOACTIVITY

38mK @ TRIUMF (MOT) See talk by N. Goyal
n @ aSPECT




EDMs: coupling between spin and E-field

\

H=-do-FE

®
L
®e o © o <

>> PLAY »» << REWIND <<

If d#0 the process and its time

C reversed version are different.
violation of T crr Violation of CP
s |




10-19

ry: , K
10201 \ Smith,

Purce11;
10721t Ramsey
[ ]

The neutron EDM is still zero

Best 1imit (nEDM@PSI)
Abel et al, PRL 124, 081803 (2020)

107} ‘ |d,| < 1.8x107%° e cm

10}

1022}

10}
Design sensitivity range of 4 experiments

1072} , : 1 n2EDM @psI, panEDM @ILL, LANL EDM, tucan @TRIUMF
under construction now

S
O
)]
~
=
£
=
o
L
c

1077}

2 Design sensitivity EDM@SNS, starting 2028
108¢

10-29 |

10730 , , l l 1 i 1 CKM background uncertain, possibly 10731 e cm
1950 1960 1970 1980 1990 2000 2010 2020

year




Basics of NnEDM measurement

Larmor frequency
f=30Hz@B =1uT

21

2d
ZTZf‘=='7E-lg j:';{'llfl“k\\\\

If d=10"%ecm and E =11kV/cm
one full turn in a time

™" — 200 days

To detect such a minuscule coupling dE

Long interaction time
High intensity/statistics
control the magnetic field




Long interaction time
High intensity/statistics
Control the magnetic field

Build colossal magnetic shields

E— LS

|

6 layers of mu-metal
Shielding factor 100,000

+ Use quantum magnetometry

4 Use Ultracold neutrons

Neutrons with velocity <5m/s (E<200neVv) can
undergo total reflection and be stored 1in
material “bottles”

NEDM chamber storing
neutrons during 180s




EDMs beyond the SM: modified Higgs couplings

Modified Higgs-fermion Yukawa
coupling

L= —% (ke ffh+ iy fysfh)
CpP

Generates EDM at 2 Toops
Barr, Zee, PRL 65 (1990)

i

Bl 90% C.L. limits from eEDM

t

Hl 90% C.L. limits from nEDM
1 90% C.L. limits from ATLAS RUN2

Brod, Haich, zupan, 1310.1385
Brod, Stamou, 1810.12303
Brod, Skodras, 1811.05480

ATLAS, PRL 125, 061802 (2020)
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Concluding view: hunt for forbidden couplings...

Beyond SM physics =
EFT with fundamental degrees of freedom:
quarks & leptons, gauge, Higgs

Lee-Yang operators: Isospin-diagonal, CPV operators

EET with semileptonic, isospin changing
—Lgpm

nhucleons, Ca 1

leptons and —£ry =Cv {py'n+ Z=pyysn | x éy,(1 —s)ve = —d, o, iysn F*
Cy 7 n uvtrs

photons + Cspn x &(1 — 75)ve Gr

+ —

1
+ 5 Crpot’n x €0y, (1 — v5)ve + he V2

Cd nn eiyse + -

Observables dW (J)
dE.d2.dS),




Thank you for your attention

GDR InF 2 — 4 Nov. 2022 G. Pignol M. Versteegen
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Correlation measurements : WISArD

Decay rate for non polarized nuclei :

Pe - Pv me
dW =d 1 — +b—
W Wo< tal et E)

0o /

Pure F transition AJ=0S=0  /~ Pure GT transition AJ=0or1$=1 y Ve

C 2 a >~
|Cv| ar 3

2 /12
ap =1 - 1O+ G 1 <1_ ’CTVZHC/T\Q)

2
——_ 0 . |Cal

L (Cs+C ;) Cr +C;
bF~iR€< o ) g bGTQiRe< TCA T>

C [0)
©Best measurement ar at 0.45% &Best measurement agr at < ~1%

Gorelov, A. et al, Phys. Rev. Lett. 94, 1425 (2005)
Johnson, C.H. et al, Phys. Rev. 132, 1149 (1963)







